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Edited by Stuart FergusonAbstract The hypothesis that the primary Na+-pump, Na+-
ATPase, functions in the plasma membrane (PM) of halotoler-
ant microalga Dunaliella maritima was tested using membrane
preparations from this organism enriched with the PM vesicles.
The pH proﬁle of ATP hydrolysis catalyzed by the PM fractions
exhibited a broad optimum between pH 6 and 9. Hydrolysis in
the alkaline range was speciﬁcally stimulated by Na+ ions.
Maximal sodium dependent ATP hydrolysis was observed at
pH 7.5–8.0. On the assumption that the ATP-hydrolysis at alka-
line pH values is related to a Na+-ATPase activity, we investi-
gated two ATP-dependent processes, sodium uptake by the
PM vesicles and generation of electric potential diﬀerence
(Dw) across the vesicle membrane. PM vesicles from D. mari-
tima were found to be able to accumulate 22Na+ upon ATP addi-
tion, with an optimum at pH 7.5–8.0. The ATP-dependent Na+
accumulation was stimulated by the permeant NO3 anion and
the protonophore CCCP, and inhibited by orthovanadate. The
sodium accumulation was accompanied by pronounced Dw gen-
eration across the vesicle membrane. The data obtained indicate
that a primary Na+ pump, an electrogenic Na+-ATPase of the
P-type, functions in the PM of marine microalga D. maritima.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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All living cells exclude Na+ from the cytoplasm using variety
of membrane transport proteins localized to the plasma mem-
brane and/or tonoplast. Presently, a wide diversity of primary
sodium ion translocating enzymes operating in the cell
membranes has been described for representatives of all three
life domains: Eucaryota, Bacteria and Archaea [1]. In eukary-
otes, Na+-translocating ATPases of the P-type mediate active
sodium export from the cells. The Na+, K+-ATPase of mam-Abbreviations: BTP, 1,3-bis-(tris(hydroxymethyl)methylamino)propane;
CCCP, carbonyl cyanide m-chlorophenylhydrazone; DTT, dithiothrei-
tol; EGTA, ethylene glycol-bis(b-aminoethyl ether)-N,N,N0,N0-tetraace-
tic acid; MES, 2-[N-morpholino]ethanesulfonic acid; oxonol VI,
bis-(3-propyl-5-oxoisoxazol-4-yl)pentamethine oxonol; PM, plasma
membrane; PMSF, phenylmethylsylfonyl ﬂuoride; Dw, membrane elec-
tric potential diﬀerence
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doi:10.1016/j.febslet.2005.07.087malian cells was the ﬁrst to be investigated and most exten-
sively studied representative of this class of ATPases [2].
More recently, Na+-translocating ATPase of P-type was also
discovered in fungi [3].
In halotolerant plants and algae the existence of a primary
Na+-transporter was debated for a long time. Nevertheless,
during the last decade primary Na+-pumps, Na+-ATPases
belonging to the family of P-type ATPases, have been found
in two marine alga species, Tetraselmis (Platymonas) viridis
[4,5] and Heterosigma akashiwo [6].
The unicellular green algae of Dunaliella genus attract con-
siderable interest as model systems in algal stress physiology
because of their ability to withstand extreme environmental
factors including high salinity. In these cell-wall less algae
the plasma membrane is the only barrier between the intracel-
lular content and high-salt extracellular medium. Experimen-
tal data indicate that intracellular Na+ concentrations in
halotolerant Dunaliella species are much lower than those in
the ambient medium [7,8] and thus imply an energy-consum-
ing mechanism of Na+ extrusion. Active proton-motive-force-
independent Na+ extrusion has been postulated for a long
time from in vivo studies with Dunaliella [8–10]. Recently, in
the experiments with intact cells of D. salina, Katz and Pick
[11] obtained data allowing one to suggest that Na+ extrusion
from cells of this organism is coupled to operation of
NAD(P)H-driven redox system in the plasma membrane
(PM).
Up to now, however, the existence of a primary Na+ pump
in Dunaliella has not been veriﬁed by in vitro studies. Investi-
gations of Na+ transport in isolated PM vesicles would be of
particular interest for the elucidation of the mechanism of ac-
tive Na+ transport in this salt tolerant organism.
Here, we studied ATP-driven processes of Na+ uptake, for-
mation of transmembrane electric potential and ATP-hydroly-
sis in Dunaliella maritima membrane preparations enriched
with the PM vesicles. The data obtained demonstrate clearly
that the primary Na+-pump, electrogenic Na+-translocating
ATPase of P-type does operate in the PM of D. maritima.2. Materials and methods
2.1. Plant material and preparation of PM vesicles
D. maritima Massjuk cells were cultured in the medium containing:
0.5 M NaCl, 10 mM NaNO3, 5 mM KH2PO4, 6 mM MgSO4, 1.5 mM
Ca(NO3)2, 10 lM FeSO4, 40 lM EDTA, 10 lM MnSO4, 0.01 lM
H3BO3, 3 nM ZnSO4, 0.5 nM KI, 0.1 nM Na2MoO4, 0.01 nM CuSO4,
0.01 nM CoCl2; pH was adjusted to 8.0 with NaOH. The culture wasblished by Elsevier B.V. All rights reserved.
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150 lmol photons m2 s1 was supplied from cool white luminescent
lamps at 14:10 light:dark cycle.
The alga cells from 4 l suspension were harvested at late exponential
growth period by centrifugation (700g, 15 min), washed twice with
500 ml of 1.25 M glycerol, 5 mM Tris–HCl, pH 7.5, 2 mM MgSO4,
10 mM KCl, and 0.5 mM EGTA (buﬀer A). The following steps were
at 4 C. The washed cells were exposed to hypoosmotic shock in 400 ml
of 5 mM Tris–MES, pH 7.5, 1 mM DTT, 0.5 mM K2S2O5, 0.5 mM
EGTA, and 1 mM PMSF (buﬀer B). Cell suspension was slowly stirred
with a magnetic rod for 5 min. Visual inspection of the suspension with
optical microscope revealed that large membrane vesicles came oﬀ the
cells in this stage. After 5 min incubation, MgSO4 was added at 1 mM
ﬁnal concentration and unbroken cells, chloroplasts and cell debris
were removed by centrifugation of the cell suspension at 700g for
15 min. The supernatant was collected and centrifuged at 15000g for
20 min. The pellet obtained was re-suspended in 5 ml of 0.4 M sucrose,
5 mM BTP-MES, pH 7.5, 1 mMMgSO4, 1 mM DTT, 0.5 mM EGTA,
and 1 mM PMSF (buﬀer C) and re-centrifuged at 3000g for 15 min to
remove residual intact organelles and large cell debris. The supernatant
was collected and layered on discontinuous (30/38%) sucrose gradient
prepared with buﬀer C that contained additionally 20 mM MgSO4.
Following centrifugation at 112000g for 30 min, a band containing
plasma membranes was formed at the 30/38% sucrose interface. The
PM from the interface was collected, diluted to 25 ml with buﬀer C
and centrifuged at 15000g for 20 min. The pellet was re-suspended in
a small volume of buﬀer C, so that the protein concentration was
approx. 1.5 mg ml1. Freshly prepared membrane vesicles were used
in all the experiments, including those on determining the ATPase
activity.
The PM preparations obtained were a mixture of inside-out and
right-side-out vesicles. The responses from the inside-out vesicles
having the hydrolytic centre of the ATPases exposed to the reaction
mixture were detected in the experiments. Right-side-out vesicles were
silent in the assays performed.
2.2. H+ pumping
H+ pumping by the vesicles was determined as the ATP-dependent
acidiﬁcation of the vesicle lumen. The assay was performed at room
temperature by monitoring the diﬀerential absorbance changes (492/
540 nm) undergone by the DpH probe acridine orange recorded with
a Hitachi 557 dual wavelength spectrophotometer. The standard assay
mixture contained in 2 ml volume: 0.4 M sucrose, 10 mM BTP-MES,
pH 6.5, 1 mM MgSO4, 100 mM NO

3 (BTP-salt), 1 mM EGTA,
8 lM acridine orange and approx. 100 lg of membrane protein. After
15 min pre-incubation, the reaction was initiated by addition of 2 mM
ATP (Tris-salt).2.3. Na+ uptake
Sodium uptake by the vesicles was measured using radio-labeled
22Na+. The standard assay mixture (450 ll) contained: 0.4 M sucrose,
20 mM BTP-MES buﬀer, pH 7.8, 1 mM MgSO4, 1 mM EGTA, and
approx. 400–600 lg membrane protein. After 15 min vesicles pre-
incubation in the assay mixture, 22NaCl (0.5 MBq) was added at
5 mM ﬁnal concentration. After additional 15 min incubation with
22NaCl, the reaction was initiated by adding ATP (Tris-salt) at
2 mM ﬁnal concentration. At regular intervals, 50 ll aliquots of the
suspension were taken and the vesicles in the picked samples were
separated from the assay mixture by ﬁltering through Millipore nitro-
cellulose ﬁlters with a pore size of 0.45 lM. Filters were washed with
3 ml assay solution free of label and ATP, and radioactivity retained
on the ﬁlters was counted with a c-scintillation counter.2.4. Detection of transmembrane electric potential
ATP-dependent formation of electric potential diﬀerence (Dw)
across the vesicle membrane was detected by monitoring the diﬀeren-
tial absorbance changes (621/582 nm) of the Dw probe oxonol VI using
a dual wavelength spectrophotometer Hitachi 557. The standard assay
mixture (2 ml) contained: 0.4 M sucrose, 20 mM BTP-MES buﬀer, pH
7.5, 1 mM MgSO4, 1 mM EGTA, 10 mM Na2SO4 if required, 3 lM
Oxonol VI, and approx. 100 lg membrane protein. After 15 min incu-
bation of the vesicles in the mixture, 2 mM ATP (Tris-salt) was added
to initiate Dw generation.2.5. Analytical methods
ATPase activity was determined from the amount of inorganic phos-
phate released from the added ATP. ATP-hydrolysis was measured at
22 C in 0.5 ml standard reaction mixture of the following composi-
tion: 0.4 M sucrose, 20 mM MES-BTP buﬀer, pH as indicated,
1 mM MgSO4, 1 mM EGTA, 50 lM CCCP, 10–15 lg membrane pro-
tein. The reaction was initiated by adding 0.5 mM Na2ATP and al-
lowed to continue for 15–20 min. Phosphate released was analyzed
by the method of Carter and Karl [12].
Protein content was determined by the micromethod of Simpson and
Sonne [13] with bovine serum albumin as a standard.
ATP (Tris-salt) was prepared from Na2ATP by ion exchange chro-
matography on Dowex-50 resin. The endogenous Na+ content of each
buﬀer after addition of ATP (Tris-salt) was 65 lM, as detected by
ﬂame emission spectroscopy.
Representative kinetic traces as well as representative pH-dependen-
cies from at least three independent experiments are shown in the
ﬁgures.3. Results and discussion
The method of PM isolation fromD. maritima described here
is based on the ﬁndings that during separation in a linear su-
crose density gradient, the plasma membranes of halotolerant
algae, including Dunaliella species, gather in the range of the
gradient corresponding to 32–38% sucrose [14,15]. The plasma
membrane origin of such preparations was conﬁrmed by label-
ing cells prior to their disruption with an impermeable ﬂuores-
cent marker [14] or with a radioactive 125I bound to the PM by
enzymatic reaction [15]. In the present work, hypoosmotic
shock for cell disruption and diﬀerential centrifugation were
applied to prepare crude PM fractions that were further puri-
ﬁed by centrifugation in the discontinuous (30/38%) sucrose
density gradient. Membranes collected from 30/38% sucrose
interface demonstrated the ATP-driven H+-pumping activity
(Fig. 1A) with maximum at pH 6.5–7.0 (Fig. 1B). The H+-
pumping activity was sensitive to orthovanadate, a speciﬁc
inhibitor of P-type ATPases (Fig. 1A). These characteristics
are consistent with the features of the common plant PM H+-
ATPase [16] and indicate the presence of sealed PM vesicles
in the fractions, which we refer to as PM fractions below.
Contamination of the PM fractions with other cell mem-
branes was examined by determining chlorophyll content
and cytochrome C oxidase activity. Chlorophyll contents
(mg mg protein1) were 0.22 ± 0.05 in the whole cells,
0.14 ± 0.03 in the membranes layered on the sucrose gradient,
and 0.04 ± 0.008 in the membranes from 32/38% sucrose inter-
face. This indicates that the ﬁnal membrane fractions were
considerably depleted of the thylakoids that are the most
abundant membranes in Dunaliella cells. Only trace activities
of the cytochrome C oxidase, the mitochondrial marker
enzyme, were detected in the fraction collected from 30/38%
sucrose interface.
The PM fractions showed the ATPase activity in a wide pH
range, with a broad optimum between pH 6 and 9. (Fig. 2).
These data are in agreement with those obtained previously
in the studies of plasma membranes isolated from algae of
Dunaliella species [14,17,18]. Orthovanadate at 300 lM con-
centration essentially suppressed ATP hydrolysis catalyzed
by the PM fractions (Fig. 1) thus conﬁrming presence of a
P-type ATPase (ATPases).
The ATP-hydrolysis observed in the acidic pH range is obvi-
ously associated with the H+-ATPase that was demonstrated
Fig. 1. H+-pumping in the membrane fractions collected from 30/38%
sucrose interface. (A) ATP-dependent acidiﬁcation in the vesicle lumen
recorded with acridine orange. The assay was performed as described
in Section 2. 2 mM ATP (Tris-salt), 50 lM CCCP, 300 lM orthovan-
adate were added as indicated by the arrows. (B) pH-proﬁle of the H+-
pumping activity. The H+-pumping activity was determined as the
slope of the trace in 2 min after ATP addition. H+-pumping was
assayed in the standard reaction mixture containing 10 mM BTP-MES
buﬀer of the required pH and 50 mM HNO3 adjusted with BTP to the
proper pH. The activity at pH 6.5 corresponds to 100%.
Fig. 2. (A) pH-proﬁles of ATP hydrolysis catalyzed by the PM
fractions from D. maritima. Symbols: (s) standard reaction mixture;
(d) standard reaction mixture containing 20 mM Na2SO4; (h)
standard reaction mixture containing 300 lM orthovanadate; (j)
standard reaction mixture containing 20 mM Na2SO4 + 300 lM
orthovanadate; (m) standard reaction mixture containing 20 mM
K2SO4. (B) Eﬀects of varying concentrations of Na
+ taken as Na2SO4
(j) or NaCl (d) on ATPase activity in the PM fractions. The assay
was performed in the standard reaction mixture at pH 7.5. Represen-
tative experiments are shown from the series of three independent
trials. In the inset, double reciprocal plots of the data are shown.
Apparent KM values are the mean of three independent determina-
tions. The S.D. values are given in the text.
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6.5–7.0 (Fig. 1B).
Relying on the data that the Na+-ATPase in the PM of other
marine microalga, T. viridis, operates in the alkaline pH region
with optimum at pH 8.0 [5], we suggested that ATP hydrolysis
in Dunaliella PM fraction at alkaline pHs is also associated
with the Na+-ATPase. This hypothesis is supported by the fact
that ATP hydrolysis is speciﬁcally stimulated by sodium at
alkaline pHs; no stimulation of ATPase activity was observed
when K+ instead of Na+ was added to the reaction mixture
(Fig. 2A). ATP hydrolysis in the alkaline pH region was stim-
ulated 1.2–1.3-fold by Li+ as well, but not by Rb+ or Cs+ (not
shown).
In Fig. 2B, the dependencies of Na+-stimulated ATPase
activity on varying concentrations of sodium taken as two dif-
ferent salts, Na2SO4 and NaCl, are presented. The dependen-
cies could be approximated by Michaelis–Menten-type
kinetics characterized by close apparent aﬃnity constants,
KM being of 17.6 ± 4.3 mM Na
+ for Na2SO4 and of 11.7 ±
3.5 mM Na+ for NaCl.Inhibition of the Na+-dependent ATP hydrolysis by ortho-
vanadate indicates involvement of the P-type ATPase
(Fig. 2A).
The direct evidence for the Na+-ATPase operation in the
Dunaliella PM was obtained by recording 22Na+ accumulation
in the PM vesicles. Addition of Na+ to the suspension caused
slow accumulation of this ion in the vesicle lumen. Subsequent
ATP addition accelerated the Na+ uptake (Fig. 3A). Permeant
anion NO3 or the protonophore CCCP were found to speed
up the ATP-dependent Na+ uptake by the vesicles suggested
that sodium movement across the vesicle membrane is electro-
genic. In this case, stimulating eﬀect of both NO3 and CCCP
on the ATP-dependent sodium uptake may be attributed to the
charge compensating action of these agents, i.e., relieving Na+-
transporting mechanism from inhibition by excess positive
charge in the vesicle lumen arising from Na+ translocation.
Fig. 3. Na+ uptake in D. maritima PM vesicles. (A) Sodium uptake
was assayed in the standard reaction mixture supplemented with: (s)
none; (j) 50 lM CCCP; (d) 50 mM NO3 (as BTP-salt, pH 7.8); (m)
50 mM NO3 (as BTP-salt, pH 7.8) + 300 lM orthovanadate. The
vesicles were pre-incubated in the reaction mixture for 15 min at 22 C
before the reaction was initiated by the additions, as indicated by the
arrows. (B) pH-proﬁle of ATP-dependent Na+ uptake. Sodium uptake
was assayed in the standard reaction mixture containing 20 mM BTP-
MES buﬀer of the required pH and 50 mM HNO3 adjusted with BTP
to the proper pH. In the vertical axis, Na+ uptake per 15 min is
indicated.
Fig. 4. Formation of electric potential across the vesicle membranes in
D. maritima PM preparations. (A) ATP-dependent generation of Dw is
aﬀected by Na+, NO3 , CCCP and orthovanadate. Dw formation was
initiated by adding ATP (Tris-salt) at 2 mM ﬁnal concentration. Trace
1: standard reaction mixture without Na+. Trace 2: 10 mM Na2SO4
was added as indicated by the arrow. The following additions were
made in the course of Dw formation: 50 mM NO3 (as BTP-salt, pH
7.5), 50 lM CCCP, 300 lM orthovanadate. (B) Eﬀect of Na+
concentration on Dw formation. Rate of Dw formation was determined
as the slope of the experimental trace upon Na+ addition. In the inset,
a double reciprocal plot of the data is shown. Apparent KM value is a
mean of three independent determinations. The S.D. value is given in
the text.
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indicates that DlH+-dependent Na+/H+ antiporter is not
involved in the ATP-dependent Na+ accumulation.
Orthovanadate suppressed ATP-driven sodium uptake
almost completely (Fig. 3A) indicating that Na+ transport in
D. maritima PM vesicles is facilitated by P-type ATPase.
ATP-driven Na+-uptake by the D. maritima PM vesicles
occurred in the weakly alkaline pH range with maximal uptake
at pHs from 7.5 to 8.0 (Fig. 3B). These ﬁndings provide further
corroboration that ATP-stimulated Na+-uptake is not medi-
ated by DlH+-dependent Na+/H+ antiporter energized by
The H+-ATPase, since pH optimum of the latter lays in the
weakly acidic range, at pH 6.5–7.0. The pH proﬁle of ATP-dri-
ven Na+-uptake agrees with the pH proﬁle of Na+-stimulated
ATP-hydrolysis in the PM fractions (Fig. 2).
Recording of electric potential diﬀerence Dw across the
vesicle membrane with optical probe oxonol VI demonstrated
that ATP addition to the vesicle suspension caused decrease in
diﬀerential absorbance of the probe indicating generation of
transmembrane electric potential (positive inside the vesiclelumen) (Fig. 4A, trace 1). In the presence of sodium, Dw gen-
eration was greatly stimulated (Fig. 4A, trace 2). Other alkali
cations tested were less eﬀective in Dw stimulation. The stimu-
lation of Dw observed in the presence of Li+ or K+ was 55%
and 10% of the Na+-induced stimulation, respectively (not
shown).
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vesicle membrane that was indicated by reversing diﬀerential
absorbance of the probe to the initial level (Fig. 4A). This
result conﬁrms the idea that the acceleration of ATP-driven
22Na+ uptake by PM vesicles upon NO3 and CCCP addition
is due to charge compensating action of these agents.
Orthovanadate added in the course of Dw generation sup-
pressed the process, whether or not Na+ was present in the
reaction mixture (Fig. 4A). Pre-incubation of the vesicles with
100 lM vanadate in the absence of Na+ ions, followed by Na+
and ATP addition, lead to complete suppression of Dw gener-
ation across the vesicle membrane (not shown). Inhibiting
eﬀect of orthovanadate on Dw generation, as well as its eﬀects
on ATP hydrolysis and ATP-dependent Na+-uptake by the
vesicles, indicates involvement of a P-type ATPase (ATPases)
in the reaction.
Most likely in the absence of Na+ ions, electric potential at
the vesicle membrane induced by ATP addition is produced
by the H+-ATPase (Fig. 1), while Na+-dependent Dw is evi-
dently generated by an Na+-translocating ATPase.
The dependence of Dw stimulation on Na+ concentration
was found to be satisfactorily described by the Michaelis–Men-
ten function (Fig. 4B) with an apparent KM of 10.2 ± 0.9 mM
for Na+ (Fig. 4B, inset). This value is fairly close to the appar-
ent aﬃnity constants obtained in the experiments on Na+-
dependent ATP hydrolysis (Fig. 2B) and the KM value
reported for the Na+-ATPase from unicellular marine alga
T. viridis [19].
Summarizing, we demonstrated that D. maritima PM vesi-
cles were able to accumulate Na+ in an ATP-dependent and
DlH+-independent manner. This fact supports the idea that
the primary Na+-pump, Na+-ATPase functions in the PM of
this organism. The Na+-ATPase from D. maritima belongs
to the family of P-type ATPases, possesses the optimum at
pH 7.5–8.0, is electrogenic and hence shares common traits
with the Na+-ATPase from another marine alga, T. viridis
[5,19].
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